effects. [8] [9] [10] In recent years, with the fast development of nanotechnology in the field of biomedicine, [11] [12] [13] [14] [15] nanocarriers, such as liposomes, polymeric micelles, carbon nanotubes, and organic or inorganic nanomaterials, have gained considerable attention. 16, 17 Especially, CDs with excellent biocompatibility, good surface activity and enhanced cellular uptake come to be promising carriers for drug delivery. 3, 18 There are a large number of functional groups such as −NH 2 , −OH or −COOH on the surface of CDs; consequently, it is possible for CDs to carry different therapeutic agents via electrostatic interaction or covalent bonding. Doxorubicin, a widely used anti-tumour drug with good anti-tumour effect, enters the nucleus to inhibit the nucleic acid synthesis and thus destroys DNA. 19 Moreover, delivery of DOX possesses inherent fluorescence, which can form a dual-emission delivery system with CDs.
In this study, CDs were prepared by one-step hydrothermal treatment and characterized in terms of spectral property, zeta potential, particle morphology and chemical composition.
Moreover, we developed the CDs-DOX drug delivery system and then accessed its drug loading and release efficiency by a fluorescence spectrophotometer. In order to explore the anti-tumour activity of the CDs-DOX in cancer therapy, we studied the in vitro cytotoxicity, cellular uptake and therapeutic effect in MCF-7 cells with the methods of CCK-8 assay, flow cytometry and confocal microscopy.
| MATERIAL S AND ME THODS

| Materials
Citric acid, ethylenediamine and doxorubicin hydrochloride (DOX HCl) were obtained from Aladdin Chemical Inc. (Shanghai, China).
The syringe filter and dialysis bag (MWCO = 500-1000 Da) were 
| Preparation of CDs and CDs-DOX
Carbon dots were prepared as the procedure of Zhu et al 20 ;
1.050 g citric acid and 335 μL ethylenediamine were dissolved in 10 mL deionized water. Then, the mixed solution was transferred into 30 mL stainless steel autoclave to react at 200°C for 5 hours.
After that, the autoclave was cooled down to room temperature.
Subsequently, the obtained product was subjected to dialysis and filtered to obtain pure CDs. 
| Characterizations of CDs, DOX and CDs-DOX
Fluorescent measurements were performed with a RF-5301PC spectrofluorometer (Shimadzu, Japan). UV-vis spectroscopy was carried out with a U-3900H UV-vis spectrofluorometer (Hitachi, Japan). Surface morphology analyses were carried out using a HITACHI S-4800 scanning electron microscope (SEM, Oxford, UK) and a SPM-9700 atomic force microscopy (AFM, Shimadzu, Japan). Zeta potential was characterized by a Nano ZS90
Zetasizer (Malvern, UK). X-ray photoelectron spectroscopy (XPS) patterns were obtained from an ESCALAB-MKII XPS spectrometer (Thermo Scientific, USA). The Fourier transform infrared (FTIR) spectroscopy was carried out by a 5DX FT-IR spectrometer (Nicolet, USA) within the spectral window in the range of 500-4000 cm −1 .
| DOX loading and release
The DLE and loading content were determined by a fluorescence spec- 
| Cytotoxicity assay
The cytotoxicity and pharmaceutical activity study of CDs, DOX were, respectively, added into MCF-7 cells and incubated for 24 and 48 hours. After that, the cells were treated with CCK-8 reagent (10%) followed by fluorescence intensity measurement with a VariOskanFlas 3001 microplate reader (Thermo, USA) at a wavelength of 450 nm. The cytotoxicity activity was determined from the relative cell viability (%). The IC 50 values (half maximal inhibitory concentration) were calculated with the GraphPad Prism Version7.0a software (GraphPad Software, USA).
| Confocal microscopy detection
The MCF-7 cells were seeded in confocal microscope dishes at 2 × 10 4 cells/well and cultured for a whole night. Then, the cells were exposed with bare DOX and CDs-DOX (at a DOX dose of 1 μg mL −1 ) for 0.5, 1 and 4 hours, respectively. After the residual particles were removed, the cells were fixed with paraformaldehyde (4%), and the cell nuclei were stained with DAPI (1 μg mL −1 ).
Finally, fluorescence images of free DOX and CDs-DOX were acquired by a Leica TCS-SP8 laser scanning confocal microscopy (Wetzlar, Germany). 
| Intracellular uptake
To study the intracellular uptake of free DOX and CDs-DOX, MCF-7 cells were seeded in 6-well plates at 2 × 10 5 cells/well and cultured overnight. Afterwards, the cells were treated with bare DOX and
CDs-DOX at the same DOX dose of 0.5 μg mL −1 . After different incubation time (1, 2 and 4 hours), cells were collected using centrifugation at 1000 g. Finally, the cells were suspended in 500 μL PBS, and the uptake of DOX was analysed by a Coulter FC500 flow cytometer (Beckman, USA).
| Apoptosis analysis
MCF-7 cells treated with DOX and CDs-DOX (at a DOX dose of 0.5 μg mL −1 ) were harvested after 24 hours. Subsequently, the ob- 
| Statistical analysis
Statistical difference analyses were assessed through t test by GraphPad Prism Version7.0a software (GraphPad Software).
The data are expressed as mean ± SD, and P < .05 was considered as statistical significance (*P < .05, **P < .01, ***P < .001 and ****P < .0001).
| RE SULTS
| Characterization
The particle morphology of the CDs, DOX and CDs-DOX complexes was characterized by SEM and AFM. As shown in Figure 1A -C, these particles displayed well-dispersed quasi-spherical morphology.
However, the CDs-DOX complexes owned the largest size among the 3 particles. Moreover, as depicted in Figure 1D , the AFM result showed the CDs possessed a narrow particle size distribution with an average height of approximately 0.5 nm. As for DOX and the nanocomplexes ( Figure 1E ,F), they were spherical and had a mean height of about 4 and 20 nm, respectively. The differences in height among these particles may provide evidence for the attachment of DOX to CDs.
The optical properties of materials are crucial to their biological applications, especially for biological imaging and drug delivery;
thus we investigated the UV-vis absorption and photoluminescence (PL) spectra of CDs. As shown in Figure 2A , CDs in aqueous solution showed an enhanced UV-vis absorption located at 340 nm.
With regard to the fluorescence spectra, the maximum excitation and emission wavelengths were located at 360 and 450 nm, respectively. The inset image of the CDs dispersion was yellow and transparent in daylight and showed strong blue luminescence under UV light. Excitation-dependent PL behaviour was observed in Figure 2B , which could be useful in multicolour biological imaging applications. 20 In addition, the CDs-DOX complexes were investigated by photoluminescence spectroscopy as well. As represented in Figure 2C , the CDs exhibited a strong absorption at 360 nm. By contrast, a sharp decrease in peak intensity of the CDs-DOX complexes was observed, which suggested that the DOX molecules probably quenched the CDs fluorescence to a certain degree. 21 More importantly, the diminished peak intensity proved the successful loading of DOX on the CDs. Figure 2D shows the zeta potential measurements of CDs, DOX and their complexes. The zeta potential value of the CDs was −5.12 mV, and after loading the positively charged DOX on CDs via electrostatic interaction, the zeta potential value increased up to 1.03 mV, which sufficiently indicated the successful preparation of the CDs-DOX complexes via electrostatic interaction. Figure 2E shows the FTIR spectra of the CDs, DOX and CDs-DOX complexes, which revealed these particles possessed the similar characteristic peaks. The broad peak centring at 3400 cm −1 could be attributed to O-H bonding, and the absorptions at 2900 cm −1 represented C-H stretching vibrations. Moreover, the absorption peaks at 1600, 1550, and 1050 cm −1 were in accord with C=O, N-H and C-O bonds, respectively. 20 These data suggested that these particles were functionalized with hydroxyl, carbonyl, oxygen and nitrogencontaining groups. The wide scan XPS results of samples CDs, DOX
and CDs-DOX complexes were shown in Figure 2F , which revealed the existence of carbon, oxygen and nitrogen as well as a difference of N1s content among the 3 particles. In CDs sample, the amount of N1s accounted for 11.04%, while in DOX and CDs-DOX, the ratio dropped slightly, 2.09% and 5.77%, respectively.
| DOX loading and releasing
To investigate the loading efficiency and release properties of the CDs-DOX complexes, CDs were loaded with DOX, and the kinetics of drug release was calculated using a dialysis membrane against PBS at different pH values. The loading capacity of DOX was accessed by UV-vis absorption spectroscopy at the wavelength of 485 nm and the DOX loading efficiency and loading amount were calculated to be 57.5% and 28.75 mg g −1 , respectively. These results
F I G U R E 3
The drug release curves and cytotoxicity study. A, pH-responsive release of delivery of doxorubicin (DOX) from CDs-DOX in PBS at pH 5.0, 6.8 and 7.4. Cytotoxic effects of carbon dots (CDs) on L929 cells (B) and MCF-7 cells (C) via CCK-8 test at increasing concentration for 24 and 48 h. Cells incubated with only media as a control. D, The pharmaceutical activity studies of free DOX and CDs-DOX for 24 and 48 h. The concentrations of DOX were 0.2 μg mL −1 and 0.5 μg mL −1 . All treatments in this figure were carried out in triplicate. Data are expressed as mean ± SD (n = 3). *P < .05, **P < .01 and ***P < .001 demonstrated that the CDs had a good drug loading capacity for DOX via electrostatic interaction. In addition, the cumulative release property of DOX from the CDs-DOX complexes was investigated in different pH solutions (pH = 5.0, 6.8 and 7.4). 22 As shown in Figure 3A , the DOX release rate at pH 5.0 was much higher than that at pH 6.8 or 7.4. At the end of 72 hours, the cumulative release ratio reached 82.0% in pH 5.0 buffer saline. However, 75.0% and 71.0% of DOX were released at pH 6.8 and 7.4, respectively.
| Cytotoxicity assay
As potential drug carrier materials in biomedical applications, CDs always attract great attention in terms of toxicity. Figure 3B ,C shows the cell viabilities of L929 and MCF-7 cells which were treated with CDs for 24 and 48 hours, respectively. As observed in Figure 3B , the CDs promoted the growth of L929 cells with the viability initially exceeding 100% as the concentration of CDs 
| Intracellular uptake
The internalization behaviour and intracellular distribution of CDs-DOX and single DOX in MCF-7 cells were observed using laser scanning confocal microscopy. As shown in Figure 4A ,E, the cell nuclei exhibited strong blue fluorescence. In Figure 4C , CDs with green fluorescence were observed in both nucleus and cytoplasm after 4-hour culture and showed a trend of nuclear accumulation, which confirmed that CDs could be internalized by MCF-7 cells and penetrate into the cell nuclei. However, DOX (red fluorescence) were welldistributed in the cell nuclei and cytoplasmic regions ( Figure 4B,F) .
More importantly, compared with the free DOX groups, the CDs-DOX groups exhibited stronger red emissions in nuclear regions of the cells, which demonstrated that CDs-DOX complexes could effectively deliver DOX into the cell nucleus. What is more, in Figure   S1 , after 0.5 and 1 hour of incubation, the CDs-DOX groups also showed brighter red fluorescence than the free DOX groups, which suggested the efficient cellular uptake of the complexes.
The cellular uptake of CDs-DOX and single DOX in the MCF-7 cells were further investigated by flow cytometry. As shown in Figure 5 , the uptake of DOX in the complex group was higher than that of the bare DOX group after exposure of 1 and 2 hours. It may be a result of the difference in cellular uptake mechanism. The cellular uptake of DOX is through passive diffusion, while the CDs transport into cells by both endocytosis and passive diffusion. 23 The combination of 2 pathways might explain the high uptake of the CDs-DOX. 19 However, after 4-hour incubation, both the CDs-DOX and the free DOX group had the same amount of intracellular uptake, which suggested that the amount of DOX released from CDs-DOX was the same as the cellular uptake of free DOX at that incubation time. In summary, the CDs-DOX could help the DOX enter cells and to be released from the CDs efficiently, which was consistent with the above results obtained by the laser scanning confocal microscopy.
| Apoptosis analysis
The DOX induced apoptosis of MCF-7 cells in both CDs-DOX and the free DOX group was estimated by flow cytometry combined with the Annexin V-FITC apoptosis detection kit, which was a common approach in previous studies. 19, 24 As shown in Figure 6 , the cells were sorted into 4 groups, which were necrotic cells, late apoptotic cells, early apoptotic cells and intact cells. After 24-hour incubation, the percentage of apoptotic cells in control group was 5.95%, and the apoptotic ratio of MCF-7 cells exposed to free DOX was 17.32%.
However, the CDs-DOX was 26.05%, inducing higher apoptosis in contrast with the above 2 groups. Citric acid, as a common carbon source, was used to synthesize CDs in this study. The obtained CDs presented quasi-spherical morphology with a narrow particle size (Figure 1 ), which was consistent with previous reports. 20, 23 DOX were loaded in the carriers by means of electrostatic interaction. The results of DLE and DLC showed a relatively high drug loaded property of the above drug carriers, which was mainly attributed to the surface charge difference between the 2 particles. Besides, the functional groups of the CDs and DOX also played an important part in the combination of the drug delivery systems. Figure 3A shows the drug release profile of the CDs-DOX complexes in the drug release media with different pH values. Obviously, the CDs-DOX complexes exhibited a pH-sensitive drug release property, which was probably due to the better solubility of DOX in acidic solution. 25 The CDs-DOX complexes as pH-sensitive carriers might be in favour of promoting the efficiency of releasing drugs with the acidic environment of tumours.
| D ISCUSS I ON
Cytotoxicity is a direct indicator of anti-tumour activity evaluation. In this study, the results of the CCK-8 assay indicated the CDs-DOX showed more enhanced cytotoxicity in MCF-7 cells than the free DOX. In the laser scanning confocal microscopy detection (Figure 4) , the CDs-DOX complexes delivered more DOX into the cell nucleus than the free DOX. As it is known to all, DOX is a chemotherapeutic agent that damages DNA, inhibiting nucleic acid synthesis and ultimately killing the cancer cells. 19 Especially, a high accumulation of DOX in cancer cells might be related to a high cytotoxicity. 26 The CDs-DOX complexes could help the DOX accumulating in the cell nucleus and thus significantly improve the cytotoxicity and the therapeutic effects.
Moreover, in the apoptosis analysis ( Figure 6 ), we found that, compared with the free DOX, the CDs-DOX induced slight higher apoptosis. The improvement of the apoptosis ratio may be due to the faster internalization of CDs-DOX complexes. Altogether, the nanocomplexes may be outstanding drug carrying system with better anti-cancer properties. Further research should be carried out on the in vivo anti-tumour behaviours of the CDs-DOX drug delivery system. 
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